There is a large body of evidence supporting a major role of heterotrophic bacteria in dimethylsulphoniopropionate (DMSP) utilisation as a source of reduced sulphur. However, a role for phototrophic microorganisms has been only recently described and little is known about their contribution to DMSP consumption and the potential modulating effects of sunlight. In an attempt to ascertain the relative quantitative roles of heterotrophic bacteria and picophytoplankton in the osmoheterotrophic uptake of DMSP-sulphur upon exposure to natural sunlight conditions, we incubated northwestern Mediterranean waters under various optical filters and used an array of bulk and single-cell activity methods to trace the fate of added 35 S-DMSP. Flow cytometry cell sorting confirmed dark 35 S uptake by Prochlorococcus, Synechococcus and heterotrophic bacteria, the latter being the most efficient in terms of uptake on a cell volume basis. Under exposure to full sunlight, however, the relative contribution of Synechococcus was significantly enhanced, mainly because of the inhibition of heterotrophic bacteria. Microautoradiography showed a strong increase in the proportion of Synechococcus cells actively taking up 35 S-DMSP, which, after full sunlight exposure, made up to 15% of total active Bacteria. Parallel incubations with 3 H-leucine generally showed no clear responses to light. Finally, size-fractionated assimilation experiments showed greater relative cyanobacterial assimilation during the day than at night compared with that of heterotrophic bacteria. Our results show for the first time a major influence of sunlight in regulating the competition among autotrophic and heterotrophic picoplankton for DMSP uptake at both the daily and seasonal time scales.
Introduction
Dimethylsulphide (DMS) is a biogenic volatile compound that is universally present in sea water (Lovelock et al., 1972; Kettle et al., 1999) and represents the major natural source of sulphur to the global troposphere (Bates et al., 1992; Andreae and Crutzen, 1997) . The biogeochemical significance of DMS was first suggested when its emissions were found to be a key step in the global sulphur cycle (Lovelock et al., 1972) , and research was further encouraged when marine plankton was proposed to play a significant role in climate regulation through the effects of DMS emissions on cloud formation (Charlson et al., 1987) .
The biochemical precursor of DMS is dimethylsulphoniopropionate (DMSP), an osmolyte produced by many phytoplankton taxa and released into the dissolved organic matter pool through grazing, viral lysis, algal autolysis or exudation (Stefels, 2000; Simó , 2001) . Once in sea water, DMSP may become available as a significant source of carbon and sulphur for other planktonic organisms. Released dissolved DMSP also acts as a direct or indirect (by transformation into DMS) chemical signal for plankton microbes (Seymour et al., 2010) , marine invertebrates, fish, birds and mammals (Van Alstyne et al., 2001; Cunningham et al., 2008; DeBose et al., 2008; Nevitt, 2008) .
Among the marine organisms directly utilising DMSP, heterotrophic bacteria have been the most extensively studied Simó et al., 2002; Howard et al., 2006; Vila-Costa et al., 2007) and their capacity to assimilate sulphur from DMSP appears to be widespread among different taxonomic groups (see, for example, González et al., 1999; Malmstrom et al., 2004a; Vila-Costa et al., 2008b; Ruiz-González et al., 2011) . Actually, bacterial uptake of dissolved DMSP and partial assimilation of its sulphur is thought to be the dominant mechanism for DMSP degradation in the pelagic ocean (Kiene et al., 2000; Zubkov et al., 2002) . Other transformation processes include cleavage into DMS and carbon products mediated by the DMSP producers themselves and bacteria (Stefels, 2000; Sunda et al., 2002) , accumulation or assimilation by zooplankton grazing on phytoplankton (Dacey and Wakeham, 1986; Archer et al., 2003; Tang and Simó , 2003; Saló et al., 2009) and direct uptake and assimilation by eukaryotic phytoplankton (Vila-Costa et al., 2006; Ruiz-González et al., submitted) and cyanobacteria (Malmstrom et al., 2005; Vila-Costa et al., 2006) .
Among the aforementioned transformation processes, little is known about the quantitative role of non-DMSP-producing photosynthetic organisms. Because of their autotrophic lifestyle, the contribution of phytoplankton to the turnover of DMSP was expected to be minimal, but Synechococcus were reported to be major consumers of DMSP and methanethiol with contributions comparable to other bacterial groups (Malmstrom et al., 2005) . Similarly, Prochlorococcus, diatoms and photosynthetic picoeukaryotes are also able to take up and assimilate a remarkable fraction of DMSP (Vila-Costa et al., 2006) , suggesting that in the appropriate circumstances, they could compete with heterotrophic bacteria for this substrate.
An important implication of DMSP utilisation by phytoplankton is the possible effect of light on DMSP consumption processes. As algae are affected by variations in energy supply because of changes in the quantity and quality of light available, processes such as DMSP-sulphur assimilation may also be coupled to this periodicity. Only in two studies has light been shown to affect the assimilation of DMSPsulphur by phototrophs, providing variable degrees of light-driven stimulation of the uptake (Malmstrom et al., 2005; Vila-Costa et al., 2006) . Therefore, light may be playing an important role in regulating the relative contributions of heterotrophic and phototrophic uptake to total DMSP consumption. So far, however, experiments had been conducted in the absence of ultraviolet radiation (UVR, 280-400 nm), and hence it is likely that the contribution of phytoplankton relative to that of heterotrophic bacterioplankton (generally less UVR protected) had been underestimated. UVR has recently been found to be a significant factor modifying the fate of DMSP through either inhibition of microbial consumption (Slezak et al., 2001 (Slezak et al., , 2007 or stimulation of its production, release (Sunda et al., 2002; Slezak and Herndl, 2003; Archer et al., 2010) or uptake by autotrophs (Malmstrom et al., 2005; Vila-Costa et al., 2006; Ruiz-González et al., submitted) . Incubations under natural sunlight conditions are necessary to properly assess the shares of the different components of the microbial food web in the use of this widespread substrate.
Our aim in this study was to assess for the first time the role of sunlight, including UVR, in DMSP uptake by picoplankton through experiments conducted with plankton communities sampled at the Blanes Bay Microbial Observatory and adjacent offshore waters of the northwestern Mediterranean. We used an array of multiple bulk and specific activity methods including flow cytometry cell sorting, size-fractionated assimilation and microautoradiography combined with RNA probing after samples were exposed to different light spectrum conditions. As sunlight has the potential to trigger the autotrophic activity and simultaneously inhibit heterotrophic bacterial activity, our hypothesis was that exposure to enhanced natural solar radiation would favour picophytoplankton in their competition for DMSP uptake against heterotrophic bacteria.
Materials and methods
Study area and sample collection Water samples were collected either from a shallow (20 m depth) coastal station (the Blanes Bay Microbial Observatory (BBMO)) located 800 m offshore or during a cruise aboard the RV 'García del Cid' between 18 and 26 September 2007 at two stations, one located on the continental shelf in the vicinity of the BBMO (station C) and another one offshore over a 2000 m deep-water column between the BBMO and Mallorca (northwestern Mediterranean, Table 1 ). Surface samples (0.5 m) from the BBMO were collected with a Niskin Go-flow bottle (5 l), prefiltered through a 200 mm-mesh size net, and transported under dim light to the lab for the three experiments carried out on 5 August 2003 (experiment (exp.) 2), 9 July 2008 and 30 September 2008 (exps. 3 and 4, respectively) . Water samples during the cruise (4 or 48 m depth) were taken with a 12-Niskin-bottle rosette attached to the CTD (conductivity, temperature, depth recorder; exps. 1, 5 and 6). ) were also done for comparative purposes as it is widely used as a measurement of bacterial heterotrophic production (Kirchman et al., 1985) . Only in exps. 3 and 4, the photosynthetic active radiation (PAR) and UVR doses were monitored during incubations with a PUV-2500 radiometer , 0.03 nM final concentration (conc.)) and incubated in the dark for 6 h at in situ temperature (ca. 17 1C). After exposure, 5 ml subsamples were fixed with 1% paraformaldehyde (PFA) þ 0.05% glutaraldehyde (final conc.), flash-frozen in liquid nitrogen and stored at À80 1C. Killed controls were prepared by addition of the fixative 30 min before the addition of the radioisotope, and were simultaneously incubated with the live samples.
Experimental design
Exps. 2-4: light manipulation experiments. Spherical quartz glass bottles of 50 or 100 ml were used to incubate surface water samples (0.5 m depth) collected in the Blanes Bay for 4 h under different light conditions. In exps. 3 and 4, samples were amended with trace 35 S-DMSP (453 and 23 Ci mmol À1 , 0.08 and 1 nM final conc., respectively) or 3 H-leucine (161 Ci mmol À1 , 0.5 nM final conc.) immediately before exposure, whereas in exp. 2, they were added after the light incubations. In this experiment (no. 2), the conditions were: (1) full sunlight spectrum; (2) full spectrum minus UVB; (3) full spectrum minus the whole of UVR, that is, PAR only; and (4) darkness (wrapped with aluminium foil inside a black plastic bag). In exps. 3 and 4, the conditions were the same except for that treatment (2) was excluded. For the removal of UVB radiation (that is, PAR þ UVA treatment), one layer of the plastic foil Mylar-D (150 mm thickness, 50% transmission at 325 nm) was used. For PAR-only treatments, bottles from exp. 2 were wrapped with one layer of a vinyl chloride foil (50% transmittance at 405 nm; CI Kasei Co., Tokyo, Japan), and bottles from exps. 3 and 4 were covered with two layers of Ultraphan URUV (0.1 mm thickness, 50% transmittance at 380 nm; Digefra, Munich, Germany). All bottles were incubated 4 cm below the water surface inside a black tank with circulating sea water to maintain in situ temperature. After sunlight exposure, 50-100 ml subsamples from exp. 2 were incubated for 4 h with trace additions of , 0.5 nM final conc.) in the dark in acid-cleaned glass serum vials. Samples were fixed with 1% PFA þ 0.05% glutaraldehyde (final conc.), flash-frozen in liquid nitrogen and stored at À80 1C. Live samples from exps. 3 and 4 were fixed overnight with PFA (1% final conc.) at 4 1C in the dark. Aliquots of 10-15 ml were filtered through 0.22 mm polycarbonate filters (GTTP, Millipore Iberica, Madrid, Spain), rinsed with milli-Q water, air dried and stored at À20 1C until processing.
Exps. 5 and 6: day/night cycles. During the September 2007 cruise, two diel cycle studies of the assimilation of 35 S-DMSP by different size fractions were conducted. For that purpose, 50 ml surface water samples (4 m depth) were collected every 4 h during two 24 h periods and trace concentrations of 35 S-DMSP (815 Ci mmol À1 , 0.8 pM final conc.) were added. Samples were then incubated in 50 ml quartz flasks with the radioisotope for 6 h at in situ light and temperature conditions inside a black tank with circulating sea water. Killed controls were prepared in 30 ml Teflon flasks by adding PFA (1% final conc.) before the addition of the radioisotope. After exposure, the incorporation of substrate was stopped by fixing samples overnight with PFA (1% final conc.) at 4 1C in the dark.
Flow cytometry cell sorting
In exps. 1 and 2, different populations were identified and sorted using a FACSCalibur flow cytometer-cell sorter (Becton Dickinson, Franklin Lakes, NJ, USA). Sorted cells were collected onto Microautoradiography combined with catalysed reporter deposition-fluorescence in situ hybridisation (MAR-CARD-FISH) Filters with retained cells from exps. 3 and 4 were hybridised following the CARD-FISH protocol (Pernthaler et al., 2002) . Two horseradish peroxidase probes were used to specifically identify most Eubacteria (Eub338-II-III, Amann et al., 1990; Daims et al., 1999) and the cyanobacterial genus Synechococcus (Syn405, West et al., 2001) . Hybridisations were done on sections of the filters at 35 1C overnight. Smaller pieces from each hybridised section were cut and stained with 4,6-diamidino-2-phenylindole (DAPI, 1 mg ml À1 ) to estimate the relative abundance of each group before applying the microautoradiography, for which 500-1900 DAPI-stained cells were manually counted within 10 to 25 fields. For microautoradiography, we followed the protocol described in Vila-Costa et al. (2007) and filters were exposed inside black boxes at 4 1C until development (3 days for 3 H-leucine and 35 S-DMSP in exp. 3, and 5 days for 3 H-leucine and 7 days for 35 S-DMSP in exp. 4). Slides were developed as previously reported (Vila-Costa et al., 2007) , stained with DAPI (1 mg ml À1 ) and 500-700 hybridised cells were counted manually under an epifluorescence microscope.
Isotope assimilation during incubations
Triplicate aliquots of samples from exps. 5 and 6 (previously prefiltered through 3 mm pore-sized filters to exclude larger organisms; SSWP, Millipore) were sequentially filtered through 0.65 and 0.2 mm poresized filters (DAWP and GNWP, respectively; Millipore) and rinsed with 0.2 mm filtered sea water. Macromolecules were precipitated by treating filters with 5 ml of cold trichloroacetic acid 5% for 5 min. The filters were then rinsed with milli-Q water, placed into 5 ml of scintillation cocktail (Optiphase HiSafe 2, Perkin Elmer, Madrid, Spain) and counted with a Beckman scintillation counter (Beckman Coulter Inc., Barcelona, Spain). Incorporation of 35 S-DMSP and 3 H-leucine in PFA-killed controls was always o1.5% of that in live samples.
Results
Flow cytometry cell sorting of samples exposed to fractional sunlight (exps. 1 and 2) Flow cytometry cell sorting of samples amended with 35 S-DMSP was used to investigate the relative role of heterotrophic bacteria and cyanobacteria in the uptake of DMSP-sulphur. Exps. 1 and 2 were conducted with water from the offshore station D and the coastal BBMO site, respectively. Among cyanobacteria, Synechococcus occurred in high numbers at both stations, but Prochlorococcus only occurred in sufficient numbers at a depth of ca. 50 m in station D, exp. 1 (Table 1) . Cell sorting in this experiment showed that heterotrophic bacteria, Prochlorococcus and Synechococcus had the capability of assimilating 35 S from DMSP ( Figure 1a) . On a per-cell basis, the most important DMSPsulphur assimilators were Synechococcus (Figure 1b) , which showed 8 times more disintegrations per minute (d.p.m.) per cell than heterotrophic bacteria. However, when these values were normalised to total cell volume (assuming a volume ratio HB/Prochl/ Syn ¼ 1 : 5 : 10), heterotrophic bacteria were the most relevant consumers of 35 S-DMSP followed by Synechococcus and Prochlorococcus (Figure 1c) .
Incubation of samples from the Blanes Bay under increasing short-wave radiation doses (exp. 2, Figure 2 ) resulted in a significant reduction of the contribution of heterotrophic bacteria to total 35 S-DMSP uptake (Tukey's test, Po0.05), from 84% in the dark to 17% after full sunlight exposure. Conversely, Synechococcus did not seem to be negatively affected by full sunlight exposure, and even a slight photostimulation of their uptake was apparent, yet not significant at Po0.05 (Figure 2a ). Sunlight effects on picoplankton DMSP uptake C Ruiz-González et al As a result, the contribution of Synechococcus relative to that of heterotrophic bacteria increased after full sunlight (PAR þ UVR) exposure up to sevenfold (Figure 2c ), accounting for 40% of the heterotrophic bacterial 35 S-DMSP uptake. The fraction of assimilated 35 S-DMSP that was not retained by Synechococcus or by heterotrophic bacteria showed an increased contribution to total uptake toward the full spectrum (reaching up to 75% under PAR þ UVR; Figure 2a ); yet, we did not specifically analysed which organisms were responsible for this uptake.
When we further assessed the role of light on the efficiency of 35 S-DMSP uptake per cell volume, the differences were even greater ( Figure 3 ). Exposure to full sunlight caused a drastic decrease in the d.p.m. per mm 3 in heterotrophic bacteria to the extent that they equalled those of Synechococcus (Figure 3a) . Therefore, under full sunlight, Synechococcus cells seemed to be, on average, as efficient in taking up 35 S-DMSP as the average heterotrophic bacterium, as shown by the high ratio between the uptake per unit of cell volume of Synechococcus and heterotrophic bacteria (Figure 3b) .
With 3 H-leucine as the added substrate, a decreasing trend in the uptake by both Synechococcus and heterotrophic bacteria in all light treatments was observed, although for the latter it was not significant at Po0.05 (Figure 2b ). The resulting pattern of the relative contributions was essentially invariable with the sunlight spectrum (Figure 2d ). 
H-leucine uptake by MAR-CARD-FISH
The specific differences in the sensitivity to light of heterotrophic bacteria and Synechococcus were further assessed by applying the MAR-CARD-FISH technique to samples from the BBMO (exps. 3 and 4). Hybridisation with specific probes showed that Bacteria accounted for 88% and 67% of total DAPI counts in exps. 3 (summer) and 4 (autumn), respectively, whereas only 1% and 4% were Synechococcus (Ruiz-González, unpublished). When samples of the exp. 3 amended with 35 S-DMSP were exposed to the different light conditions (Figure 4a ), the number of Bacteria active at 35 S uptake significantly decreased upon full sunlight exposure compared with both dark and PAR treatments (Tukey's test, Po0.05), whereas the number of active Synechococcus strongly increased from ca. 10% to up to 80%, reaching 15% of total active Bacteria after full sunlight exposure (Figure 5a ) when multiplied by their abundances. In exp. 4, conversely, both Bacteria and Synechococcus were stimulated in their 35 S uptake upon exposure to light ( Figure 4b) ; however, the increase of Synechococcus (by eightfold) was much greater than that of bacteria, which resulted in a light-driven increased contribution of the former to the total numbers of cells active in 35 S uptake (Figure 5b ). The number of Bacteria active in the uptake of 3 H-leucine in both experiments remained unaffected by light conditions, showing high percentages (70-80%) all through incubations (Figures 4c and  d) . Similarly, Synechococcus from the autumn experiment (exp. 4) were not affected by solar radiation levels (Figure 4d) , whereas in the summer (exp. 3) they were stimulated by PAR exposure compared with darkness. Inclusion of UVR caused a subsequent 30% decrease in the number of active cells (all differences being significant according to the Tukey's test, Po0.05; Figure 4c ). S-DMSP by size-fractionated plankton A further assessment of the relative uptake and assimilation of 35 S-DMSP was conducted by size-fractionating samples through 0.65 and 0.22 mm filters, both after prefiltration through 3 mm. Results were subtracted to calculate the contribution of organisms sized either 0.65-3 mm (mostly cyanobacteria and picoeukaryotes) or 0.22-0.65 mm (mostly heterotrophic bacteria). Two experiments at sea were carried out during 24 h cycles, one in shelf waters (exp. 5) and the other in open-sea waters (exp. 6). Incubations were done under natural full sunlight conditions. No clear patterns were observed throughout the cycles when plotting single data points measured every 4 h (data not shown); however, when day and night samples were separately averaged for each fraction, we found that during the day, the larger fraction (containing cyanobacteria) assimilated significantly more substrate than the smaller bacterial fraction (analysis of variance, Po0.05), whereas at night these differences were either lower (cycle 1, Figure 6a ) or null (cycle 2, Figure 6b ).
Discussion
It is now recognised that the marine picophytoplankton communities composed of Synechococcus, Prochlorococcus and small eukaryotic phytoplankters dominate the photoautotrophic plankton over vast tracks of the world's oceans. However, whereas their contribution to global primary production is well documented (Waterbury et al., 1986; Partensky et al., 1999) , their role in the consumption of dissolved organic compounds, although recognised, has been much less intensely studied (see, for example, Zubkov and Tarran, 2005; Michelou et al., 2007; Mary et al., 2008) .
Results from our dark incubation (exp. 1) further confirmed that similarly to heterotrophic bacteria, both Prochlorococcus and Synechococcus may benefit from using a reduced sulphur source such as DMSP, probably because it saves the energy required to reduce the abundant sulphate . This is the second study reporting 35 S-DMSP uptake by a natural Prochlorococcus population, after Vila-Costa et al. (2006) . Studies with cultured and natural assemblages of heterotrophic bacteria showed that DMSP and glycine betaine share the same membrane transporter (Kempf and Bremer, 1998; Kiene et al., 1998) . Sunlight effects on picoplankton DMSP uptake C Ruiz-González et al Putative glycine betaine transporter genes have been found in the genomes of culture representatives of both Prochlorococcus and Synechococcus (Palenik et al., 2003; Rocap et al., 2003) , thus supporting the observed capacity of these widespread photosynthetic taxa to take up and assimilate DMSP. We found that the amount of radioisotope incorporated per cyanobacterial cell was larger than that per heterotrophic bacterium, consistent with their larger size. On a per biovolume (proxy to biomass) basis, and in agreement with the observations of Vila-Costa et al. (2006) , heterotrophic bacteria were the most efficient at incorporating DMSP, although they were closely followed by Synechococcus and, to a lesser extent, by Prochlorococcus. As the sample was collected in the night and it was incubated in the absence of light, it is likely that the observed uptake efficiencies among the studied groups may change in the presence of light because the cyanobacterial heterotrophic uptake of DMSP can be stimulated upon illumination, as suggested by the present and previous works (Malmstrom et al., 2005; Vila-Costa et al., 2006) .
Although often considered ecologically unimportant, recent studies indicate that cyanobacterial photoheterotrophy might significantly influence the flux of dissolved organic matter in the euphotic zone of marine ecosystems. As an example, Church et al. (2004 Church et al. ( , 2006 attributed their observed light enhancement of bacterial production to Prochlorococcus photoheterotrophy in the North Pacific gyre, and these same organisms were also responsible for B30% of methionine turnover in the Arabian Sea (Zubkov et al., 2003) . Likewise, some Synechococcus have been shown to assimilate amino acids (Willey and Waterbury, 1989; Paerl, 1991) , yet their contribution to methionine uptake was lower than that of Prochlorococcus in the Arabian Sea (Zubkov et al., 2003) .
By using flow cytometry cell sorting (exp. 2), we found that exposure to diverse sunlight treatments caused differential effects on Synechococcus and heterotrophic bacteria. These two groups had been previously studied in Blanes Bay with regard to their UVR sensitivities. Heterotrophic bacterial activity is generally negatively affected by UVR (Herndl et al., 1993; Sommaruga et al., 1997) , although this varies among bacterial taxa (Alonso-Sáez et al., 2006) , whereas Synechococcus exhibit high resistance (Sommaruga et al., 2005) . In agreement with the previous observations, we found that upon PAR and particularly full sunlight exposure, heterotrophic bacteria were inhibited in their 35 S-DMSP uptake whereas Synechococcus were not. Consequently, the relative role of Synechococcus as a DMSP sink became more important under full solar radiation than under dark conditions (Figure 2) . Furthermore, on a per-cell volume basis, Synechococcus cells equalled the amount of radioisotope incorporated by heterotrophic bacteria (Figure 3) , suggesting an important role of sunlight in regulating the fate of dissolved DMSP and the physiological use of DMSP-sulphur.
Interestingly, we observed that the fraction of assimilated 35 S-DMSP not associated with Synechococcus or heterotrophic bacteria showed a greater contribution to total uptake toward the full sunlight spectrum (up to 75%, Figure 2a) . We have no direct hint of which organisms may be responsible for this large proportion of 35 S-DMSP assimilation; Vila-Costa et al. (2006) and Ruiz-González et al. (submitted) have reported notable uptake activity by large eukaryotic phytoplankton, particularly diatoms. Actually, the amount of 35 S-DMSP assimilated by the unknown organisms increased with PAR and PAR þ UVA and decreased with respect to those treatments under full sunlight (data not shown), a response similar to that observed in polar diatoms by Ruiz-González et al. (submitted) . This suggests an important role of eukaryotic organisms in the DMSP fluxes, which still deserves further research.
Assimilation of 3 H-leucine was simultaneously measured for comparative purposes as leucine is considered a universal substrate for heterotrophic bacteria (Kirchman et al., 1985) that can also be incorporated by cyanobacteria (Kamjunke and Jähnichen, 2000; Mary et al., 2008) . Unlike with 35 S-DMSP-amended samples, solar radiation did not seem to alter the relative contributions of both heterotrophic bacteria and cyanobacteria to 3 H-leucine uptake (Figure 2d ). There are studies showing that light can stimulate the uptake of amino acids by phototrophic organisms (Zubkov and Tarran, 2005; Michelou et al., 2007; Mary et al., 2008) , but none studied the process in the presence of UVR.
MAR-CARD-FISH allowed for a visual analysis of the single-cell uptake activity of both Bacteria and Synechococcus from Blanes Bay in exps. 3 and 4. As a result of light exposure, the relative contribution of Synechococcus to the number of 35 S-DMSP-assimilating cells strongly increased, whereas that of heterotrophic bacteria either decreased upon UVR exposure (exp. 3, early July) or increased, but less than Synechococcus (exp. 4, late September). Moreover, in spite of their low abundances, active Synechococcus accounted for 15% (exps. 3 and 4) of active Bacteria under full sunlight, a proportion comparable to those observed for other major bacterial groups in diverse ecosystems (Vila et al., 2004; Malmstrom et al., 2004b; Vila-Costa et al., 2007) , and for Synechococcus in the Northwest Atlantic and the Gulf of Mexico (Malmstrom et al., 2005) . Hence, according to this significant assimilation capacity and their widespread distribution (Waterbury et al., 1979) , Synechococcus are likely to be an important sink for marine DMSP. Interestingly, a higher contribution of Synechococcus was observed in exp. 3 than in exp. 4, in accordance with higher UVB doses measured in the former (Table 1 ). Yet, any hypothesis about Synechococcus heterotrophy dependence on irradiance levels remains to be tested. Once again, this pattern was not reflected in 3 H-leucine uptake. Only in exp. 3, Synechococcus seemed to respond to light changes, showing an increase in the proportion of active cells upon PAR exposure and a further decrease when UVR was included. This light stimulation of 3 H-leucine uptake by Synechococcus has been recently observed at the BBMO across different seasons except autumn, and hence has the corresponding UVR-induced inhibition, which was stronger in the spring and summer periods coinciding with higher UVR doses (Ruiz-González, unpublished) . Despite the higher percentages of 3 Hleucine-assimilating Synechococcus cells found in our light incubations, their contribution to total active Bacteria was never higher than 3%. Altogether, these results indicate that heterotrophy in Synechococcus is strongly dependent not only on sunlight spectrum and maybe intensity, but also on the type of substrate considered.
Shipboard exps. 5 and 6 served to further explore the potential osmoheterotrophic competition between cyanobacteria and heterotrophic bacteria at the sub-daily scale. Over the two 24 h periods, a trend toward higher 35 S-DMSP assimilation by the cyanobacteria-containing, larger picoplankton fraction (that is, 0.65-3 mm) was found during the light hours, whereas at night, it was more evenly distributed between the two size fractions. Interestingly, in most cases, the average 35 S-DMSP assimilation in the 0.65-3 mm fraction was significantly higher than that in the 0.22-0.65 mm fraction, pointing to a more important contribution of picophytoplankton (and maybe attached bacteria) than that of free-living heterotrophic bacteria to total DMSP-sulphur assimilation. However, size fractionation is an inaccurate method to assess the distribution of assimilation owing to imperfect size segregation, inclusion of detritus and overlook of bacterial aggregates. Furthermore, the larger fraction included, beside cyanobacteria, picoeukaryotic cells that could have also assimilated 35 S-DMSP (VilaCosta et al., 2006) or could have ingested labelled bacteria. Whether these complementary players also respond positively to light is unknown. In any case, these results support the aforementioned observations at the single-cell level that light shifts DMSPsulphur assimilation away from the clear dominance of heterotrophic bacteria usually found in dark incubations.
As a photosynthetic cell, Synechococcus is subjected to diel variations in energy supply over the light/dark cycle, and many physiological processes, such as specific enzyme transcription, DNA synthesis or cell division, are coupled to this periodicity (Wyman, 1999; Jacquet et al., 2001) . Hence, diel variations in Synechococcus and other picophytoplankters' activities are expected to result in shifts in the relative dominance of phototrophs versus heterotrophs in the uptake of DMSP-sulphur throughout the light/dark cycle. Additionally, similar shifts may also occur at the seasonal scale.
Considering that in Blanes Bay, both the highest concentrations of dissolved DMSP (Vila-Costa et al., 2008a) and the maximum abundances of Synechococcus (Agawin et al., 1998; Schauer et al., 2003) occur in the highly irradiated waters of late spring and summer, one might expect competition between cyanobacteria and heterotrophic bacteria (and possibly larger phototrophs; Vila-Costa et al., 2006) for DMSP-sulphur to be maximal in summer and minimal in autumn and winter.
Overall, our results confirm that marine, free-living, unicellular cyanobacteria (that is, Prochlorococcus and Synechococcus) from the Mediterranean Sea are able to take up DMSP and assimilate its sulphur, and all our different experimental approaches agreed with an increased contribution of Synechococcus and probably some picoeukaryotes to 35 S-DMSP uptake relative to heterotrophic bacteria under light exposure compared with dark conditions. These results suggest that the DMSP dynamics in oceanic surface waters are severely influenced by solar UVR through differential inhibition or stimulation of the microbial consortia responsible for most of the DMSP consumption. Our findings stress the generally overlooked role of phytoplankton as DMSP consumers under realistic light conditions and the need for further research. Interestingly, the pronounced effects of the lightdriven activation of Synechococcus did not show up in the uptake of 3 H-leucine. Determining the reasons for this differential regulation of substrate uptake by light may help better understand and predict the microbial use of labile dissolved organic matter in the surface ocean.
